p95 is a putative signal transduction protein of *95 kDa that contains multiple tyrosine residues that are conserved from yeast to human, a Src phosphorylation consensus sequence and a proline-rich C-terminus that binds SH3-domains. Previous studies have established that mammalian p95 is physically associated with proteins that regulate apoptotic induction and cell transformation; however, it is unclear whether p95 is a positive or negative regulator in these processes. Moreover, a p95 partner protein has been localized at both focal adhesions and actin-cytoskeletons in rat astrocytes. However, there is no evidence that mammalian p95 has roles in regulating cell adhesion or morphology. In this study, we examined the effects of p95 on the anchorage-independent growth and tumorigenicity of malignant HeLa cells, and on the growth and morphology of non-transformed NIH3T3 cells. In HeLa cells, p95 overexpression promoted detachment-induced apoptosis (anoikis), inhibited detachment of viable cells from substratum and reduced tumorigenicity. In NIH3T3 cells, p95 overexpression promoted flat cell morphology and slowed cell proliferation, whereas p95 downregulation had opposite effects. These findings indicate that the mammalian p95 is a positive regulator in apoptotic signaling and a negative regulator in cell transformation. They also suggest that p95 has roles in regulating cell adhesion and morphology.
Introduction
Cell -matrix interaction and cell -cell contact play important roles in regulating the proliferation, survival and architecture of mammalian cells. In non-transformed cells, cell -matrix interaction is required for cell survival and proliferation whereas cell -cell contact inhibits cell cycle progression and cell movement (Aplin et al., 1999; Braga, 2000; Bunge et al., 1979; Fagotto and Gumbiner, 1996; Ruoslahti and Obrink, 1996) . In contrast, transformed cells have often lost both contact inhibition and anchorage-dependency in cell growth. These growth control defects of the transformed cells are frequently associated with attenuated cell adhesion. There is accumulating evidence that different signal transduction pathways relay signals from cell -cell contact and cell -matrix interaction to regulators of cell cycle progression, apoptotic induction and cellular architecture. These different signal transduction pathways are connected at multiple levels through certain common elements. As a result, cells are able to integrate various growth-regulating signals to coordinately control these different cellular processes (Assoian and Schwartz, 2001; Danen and Yamada, 2001 ).
p95, a conserved protein of *95 kDa that contains a Src phosphorylation consensus sequence, a proline-rich C-terminus and multiple conserved tyrosines, has been identified in many species from yeast to human (Che et al., 1997 (Che et al., , 1999 Missotten et al., 1999; Negrete-Urtasun et al., 1997; Nickas and Yaffe, 1996; Vito et al., 1999; Wu et al., 2001) . The biochemical function of p95 has not been identified. However, previous studies of this protein from different species suggest that p95 is a novel signal transduction protein that is involved in modulating cellular architecture, sensing/relaying growth regulating signals to cell cycle regulators, and sensing/relaying death signals to apoptotic machinery. The budding yeast p95, Bro1, has been shown to be required for both cell wall integrity and entry into stationary phase after nutrient limitation (Nickas and Yaffe, 1996) . The Aspergillus p95, PalA, has been demonstrated to be a component of a signal transduction pathway through which ambient alkaline pH regulates gene expression (Negrete-Urtasun et al., 1997) . We cloned the Xenopus version of p95, Xp95, and found that it undergoes phosphorylation on multiple sites during progesterone-induced Xenopus oocyte maturation (Che et al., 1999) . We also cloned a cDNA encoding the human version of p95, Hp95, and discovered that overexpression of Hp95 in malignant HeLa cells induces G1 phase arrest in confluent monolayer cultures (Wu et al., 2001) . In addition to these findings on biological functions of p95, interacting proteins of the rodent p95 (also called AIP1/Alix) have been identified (Chen et al., 2000; Missotten et al., 1999; Vito et al., 1999) . One of them, ALG-2, is a calcium binding protein that is required for inducing apoptosis in T-cells by several death stimuli (Vito et al., 1996) . The other partner protein, SETA, is an SH3-domain containing adaptor protein whose abnormal re-expression in adult brain tissues is associated with glioma formation and progression . SETA has also been shown to be localized at focal adhesions and actin-filaments in primary cultures of rat astrocytes (Chen et al., 2000) . The involvement of p95 and its partner proteins in diverse cellular processes suggests that p95 is involved in multiple signal transduction pathways.
Several issues need to be addressed for a better understanding of the biological functions of mammalian p95. One of them is whether p95 is a positive or negative regulator in apoptotic signaling. It has been shown that expression of a truncated form of the mouse p95 that is able to bind ALG-2 protects HeLa and COS cells from apoptosis induced by serum withdrawal, staurosporine or etoposide treatment (Vito et al., 1999) . In contrast, expression of one of the SH3-domains in SETA that binds p95 sensitizes rat astrocytes to apoptosis induced by ultraviolet light (Chen et al., 2000) . Although these observations provided solid evidence that p95 has functions in apoptotic signaling, they did not provide unambiguous information as to whether p95 is a positive or negative regulator in this process. One of the reasons for the ambiguity is that these findings were made with truncated forms of p95 and SETA, which may have altered or dominated negative functions. The second issue is the role of p95 in cell transformation. The observation that Hp95 overexpression induces G1 arrest in confluent HeLa cells suggested the possibility that p95 has a negative effect on cell transformation. However, as mentioned earlier, abnormal re-expression of the p95 partner protein SETA is associated with glioma formation and progression . In addition, the other p95 partner protein ALG-2 has been reported to be overexpressed in breast cancer cells (Krebs and Klemenz, 2000) . These findings raise questions on the effect of p95 on cell transformation. The third issue is whether p95 has functions in regulating cellular architecture in mammalian cells. In budding yeast, p95 mutation caused not only defects in cell wall integrity but also abnormalities in cell shape (Nickas and Yaffe, 1996) , indicating that p95 has functions in modulating cellular architecture. Although the p95 partner protein SETA is localized at both focal adhesions and actin-filaments of rat astrocytes, there is no report that changes in the expression of mammalian p95 or its partner proteins affect cell adhesion or morphology (Chen et al., 2000; Missotten et al., 1999; Vito et al., 1999) .
In the current study, we examined the effects of the full-length mammalian p95 on the anchorage-independent growth and tumorigenicity of malignant HeLa cells and on the growth and morphology of nonmalignant NIH3T3 cells. Our data show that overexpression of p95 in HeLa cells promoted detachment-induced apoptosis (anoikis) and inhibited detachment of viable cells from substratum in culture and reduced tumorigenicity in nude mice. In NIH3T3 cells, p95 overexpression promoted flat cell morphology and decreased saturation cell density whereas p95 downregulation had opposite effects. These findings indicate that mammalian p95 is a positive regulator of apoptotic signaling and a negative regulator of cell transformation. They also suggest that mammalian p95 has roles in regulating cellular architecture.
Results

Overexpression of Hp95 inhibited anchorage-independent growth of HeLa cells
In our previous studies, we cloned a cDNA that encoded the full-length Hp95 and generated two transfectant pools of HeLa cells that expressed this cDNA in a constitutive manner. We showed that the Hp95 transfected cells expressed 3 -5-fold more Hp95 than the control vector transfected cells (Wu et al., 2001) . In this study, we utilized these cells to determine the effect of Hp95 overexpression on anchorage-independent growth of HeLa cells. For this, we cultured the two Hp95 transfectant pools in parallel with the control transfectant pool, and untransfected HeLa cells in soft agar, and measured colony formation. We found that the two Hp95 transfectant pools formed *20-fold fewer colonies than those from untransfected HeLa cells and the control transfectant pool (Figure 1a) . Similar results were obtained from two independent experiments. These results indicated that overexpression of Hp95 inhibits anchorage-independent growth of HeLa cells. To obtain further support for this conclusion, we also grew these cells on top of agar, which prevents cell adhesion, and measured cell growth for 5 days. As shown in Figure 1b , whereas the cell number from untransfected or control transfected HeLa cells increased by *12-fold over 5 days, Hp95 transfected cells showed no cell growth during this period. Because these cells showed little difference in their growth rates in monolayer culture (data not shown), these results further demonstrated that overexpression of Hp95 inhibits anchorage-independent growth of HeLa cells.
Overexpression of Hp95 promoted detachment-induced apoptosis in HeLa cells
The inhibition of anchorage-independent growth of HeLa cells by Hp95 overexpression could be due to inhibition of cell cycle progression and/or induction of apoptosis. To identify the potential mechanism(s), we grew the Hp95 transfected and the control transfected cells in spinner suspension culture, and monitored cell growth, cell cycle distribution and the percentage of apoptotic cells daily for 3 days. Measurement of cell numbers showed that as anticipated, only the control transfected cells showed significant cell growth ( Figure  2a ). DNA histograms from FACS analysis showed that neither the Hp95 nor the control transfected cells underwent cell cycle arrest in suspension culture. However, the Hp95-transfected cells had approximately 2 -3 times more sub-G1 nuclei than the controltransfected cells at all time points (Figure 2b ). This was not observed when these cells were grown in monolayer culture (data not shown, Wu et al., 2001) . TUNEL assay for apoptotic cells showed that the Hp95-transfected cells contained approximately 2 -3-fold more positive cells than the control cells during the 3 day culture ( Figure 2c , left panel). Again, no difference was observed in the abundance of TUNEL positive cells between the control and Hp95 transfected cells when they were grown on culture dishes ( Figure  2c , right panel). Similar results were obtained from three independent experiments. These results indicated that overexpression of Hp95 promotes detachmentinduced apoptosis, i.e. anoikis, in HeLa cells.
Overexpression of Hp95 inhibited detachment of viable cells from substratum
The anchorage-independent growth of HeLa cells is associated with attenuated cell adhesion, which is reflected by rounded cell shapes and shedding of viable cells into suspension. To examine whether overexpression of Hp95 has effects on this property of HeLa cells, we cultured the Hp95 and control-transfected cells in monolayer culture from 50% confluence to 2 days post confluence, and determined the abundance of viable cells accumulated in suspension. As shown in Figure  3a , the Hp95 and control transfected cells contained similar numbers of attached cells. However, the control transfected cells contained 2 -3-fold more floating cells than the Hp95 transfected cells. Moreover, while 40 -50% of the floating cells from the control transfectant cultures were viable, all of the floating cells from the Hp95 transfectant cultures were dead (Figure 3b) . Similar results were obtained from four independent experiments. Since culture of Hp95 transfected HeLa cells in suspension for 3 days did not eliminate viable cells (Figure 2c ), these results suggested that overexpression of Hp95 inhibits detachment of viable HeLa cells from substratum.
Overexpression of Hp95 inhibited tumorigenicity of HeLa cells
HeLa cells have been previously shown to be highly tumorigenic when injected into nude mice (Arai et al., 1976; Spiryda and Colman, 1998) . To determine the effect of Hp95 overexpression on tumorigenicity of HeLa cells, we injected the Hp95 and the control transfected HeLa cells in parallel into 12 flank sites of three nude mice. Two and four weeks after the injection, we examined formation of palpable tumors at injection sites, measured tumor sizes, and calculated the average size of the tumors formed by each of the cell types examined. We found that the two Hp95-transfected pools each had greatly reduced tumorigenicity as compared to the control transfectant pool (Figure 4) . The difference between the Hp95 and control transfected cells was highly significant since the P values were 50.01. Similar results were also obtained when the inducible Hp95 and control transfected cells, which were obtained in our previous studies (Wu et al., 2001) , were examined similarly (data not shown). These results were consistent with the ability of Hp95 overexpression to restore contact inhibition of cell cycle progression and promote detachment-induced apoptosis in HeLa cells and indicated that mammalian p95 has negative effects on cell malignancy.
Expression of Hp95 in NIH3T3 cells promoted flat cell morphology
To determine the effect of p95 on the growth and morphology of non-transformed cells, NIH3T3 cells were transfected with either a sense-or an antisenseHp95 expression vector, and stable transfectant pools were generated. Since the mouse homologue of Hp95 is already expressed in NIH3T3 cells (Figure 5a, lane 1) , transfection of the sense-Hp95 construct should result in overexpression of p95 protein in NIH3T3 cells. Hp95 showed that the sense-Hp95 transfected cells had a threefold higher expression of p95 than untransfected cells; whereas, the antisense-Hp95 transfected cells showed little p95 expression (Figure 5a ). Examination of these cells by indirect immunofluorescence showed that most of the sense-Hp95 transfected cells had elevated levels of p95 overexpression (data not shown).
We then compared growth and morphology of these different NIH3T3 cells. Measurement of cell growth showed that overexpression of Hp95 in NIH3T3 cells slowed cell growth and reduced the saturation cell density. In contrast, downregulation of p95 in NIH3T3 cells not only did not retard cell growth, but also increased the saturation cell density (Figure 5b ). Examination of cell morphology in confluent cultures showed that the sense-Hp95 transfected cells looked bigger and flatter and were 33% less dense than untransfected cells. In contrast, the antisense-Hp95 transfected cells looked more rounded up and were 45% denser than untransfected cells (Figure 6 ). However, when the average diameter of the cells were measured in suspension under a microscope, no differences were detected among cells from the different cultures (data not shown). Similar results were obtained from three independent transfections. These results indicated that p95 expression promotes adhesion/spreading of NIH3T3 cells in a dose-dependent manner, which may in turn have negative effects on cell proliferation. Discussion p95 is a conserved but poorly understood putative signal transduction protein. Characterization of its cellular functions will provide a basis for dissecting its exact roles in signal transduction. In this study, we examined the effect of p95 overexpression on anchorage-independent growth and tumorigenicity of malignant HeLa cells. In addition, we examined the effect of both p95 overexpression and p95 downregulation on growth and morphology of nonmalignant NIH3T3 cells. We have demonstrated that p95 overexpression in HeLa cells promoted detachment-induced apoptosis, inhibited detachment of viable cells from substratum and reduced tumorigenicity. In NIH3T3 cells, p95 overexpression promoted flat cell morphology and decreased the saturation cell density whereas p95 downregulation had opposite effects. These findings advance our understanding of the role of mammalian p95 in apoptotic induction, cell transformation and regulation of cell adhesion and morphology.
Non-transformed epithelial cells undergo apoptosis upon detachment from substratum, a phenomenon termed anoikis. Anoikis is the main factor that (2), and the control transfectant pool (Control) were injected subcutaneously into 12 flank sites of three nu/nu mice. Tumor sizes were monitored bi-weekly, and the average size of the tumors formed by each cell type was calculated. Error bars indicate standard errors of mean determined by Student t-test accounts for anchorage dependency in the growth of non-transformed epithelial cells. In the present study, we showed that HeLa cells only underwent low levels of apoptosis upon detachment from substratum and were thus capable of anchorage-independent cell growth. However, when the level of Hp95 in HeLa cells was increased by 3 -5-fold through expression of Hp95 transgene, their levels of anoikis, but not background levels of apoptosis, significantly increased. As a result, the anchorage-independent growth of HeLa cells was inhibited. This finding indicates that mammalian p95 has functions in sensing/relaying signals from cell -matrix interaction to regulators of apoptosis.
We previously showed that overexpression of Hp95 in HeLa cells induced G1 phase arrest in confluent monolayer cell culture. However, there was no induction of apoptosis, and the G1 phase arrest even protected HeLa cells from undergoing apoptosis at high cell densities. In contrast to the effect of Hp95 overexpression in monolayer culture, p95 overexpression in HeLa cell suspension culture promoted apoptosis but did not induce G1 phase arrest. The selectivity in the effect of p95 overexpression on apoptosis and cell cycle progression of HeLa cells under different culture conditions suggested that p95 affects apoptotic induction and cell cycle progression through separate effectors or pathways and supported the hypothesis that the p95 complex may be a modulator at the interface between cell proliferation and cell death (Krebs and Klemenz, 2000) .
One of the identified p95 partner proteins is ALG-2, a calmodulin type calcium binding protein that is required for apoptotic induction by certain stimuli in T-cells (Krebs and Klemenz, 2000) . This suggests the involvement of p95 in the regulation of apoptosis. However, although previous studies have provided supportive evidence that p95 is involved in apoptotic signaling, they have not demonstrated whether p95 is a pro-or anti-apoptotic regulator. The enhancement of anoikis in HeLa cells by p95 overexpression provides the first unambiguous evidence that p95 is a proapoptotic regulator and supports the possibility that p95 is an effector of ALG-2.
Under normal circumstances, non-transformed epithelial cells in monolayer culture do not detach from culture surface unless cells are dying. However, monolayer cultures of HeLa cells used in the present study consistently contain significant numbers of viable cells in suspension even before their cultures reach confluence. This property is often observed in highly malignant cells and may result from a combination of attenuated cell adhesion and increased survival in suspension. In the present study, we showed that overexpression of p95 eliminated viable floating cells in monolayer HeLa cell culture. Since this effect could not be entirely accounted for by the promoting effect of Hp95 overexpression on anoikis, it suggested that p95 overexpression inhibited detachment of viable HeLa cells from substratum. Consistent with this observation, p95 overexpression in NIH3T3 cells promoted flat cell morphology, which presumably involved enhanced cell adhesion and spreading, whereas p95 downregulation had opposite effects. These observations complemented the previous finding that the p95 partner protein SETA was localized at both focal adhesions and actin-filaments of rat astrocytes (Chen et al., 2000) and suggested that mammalian p95 has positive effects on cell adhesion and spreading.
Attenuated cell adhesion/spreading, loss of contact inhibition, anchorage-independent cell growth and tumorigenicity in nude mice are hallmarks of cell transformation and malignancy. Since p95 overexpression not only inhibited these transformation phenotypes of HeLa cells but also enhanced adhesion/spreading of immortalized NIH3T3 cells, it is likely that the mammalian p95 is an inhibitor of cell transformation although its partner proteins may have different effects on cell transformation. Oncoproteins and tumor suppressors often act at an integration point of multiple signal transduction pathways that control cell proliferation, death and morphology (Assoian and Schwartz, 2001; Danen and Yamada, 2001) . Following this paradigm, the pleitropic effects of mammalian p95 on cell proliferation, apoptotic induction and morphology and its inhibitory effect on tumorigenicity may indicate that mammalian p95 belongs to the family of tumor suppressor proteins that act at an integration point of multiple signal transduction pathways.
Materials and methods
Cell cultures and cDNA transfection
HeLa cells and NIH3T3 cells were maintained as monolayer cultures in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% bovine serum. The fulllength Hp95 cDNA in the cytomegalovirus-based eukaryotic expression vector pcDNA3.1/Neo was generated in our previous study (Wu et al., 2001) . The same vectorbased construct that contains the full-length Hp95 cDNA in antisense orientation was generated by inverting the orientation of the Hp95 cDNA insert in the sense construct. Transfection of NIH3T3 cells with different expression constructs and generation of stable transfectant pools were carried out as previously described (Wu et al., 2001) . The transfectants were maintained in culture medium supplemented with 300 mg/ml G418. The level of Hp95 and its mouse homologue in crude cell lysates was determined by immunoblotting with the affinity-purified anti-Xp95N antibodies (Wu et al., 2001 ).
Examination of anchorage-independent growth of HeLa cells
To measure colony formation of HeLa cells in soft agar, 2000 cells were suspended in 2 ml of 0.25% (w/v) soft agar dissolved in the culture medium and poured onto a bed of 0.5% agar in 60-mm culture dishes. After the cells were cultured in triplicate in soft agar for 10 days, the number of colonies of 55 cells formed in each dish was counted under a phase contrast microscope, and the mean value and standard deviation (by Student t-test) of the measurements from triplicate dishes were determined. To determine the rate of cell proliferation in the absence of cell adhesion, 5610 4 cells were seeded into 35-mm dishes that had been coated with 0.7% agar in the culture medium and cultured for 5 days. At every other day after cell seedings, two dishes of each type of cells were taken, and cells were washed off the dishes by pipetting. The cells were then collected and counted by using a hemocytometer, and the average of the counts from the duplicate dishes was calculated. To measure cell growth, cell cycle distribution and abundance of apoptotic cells in suspension culture, cells were seeded into spinner bottles in triplicate at 10 6 cells/ml and cultured in suspension. At daily intervals, aliquots of cell suspension were withdrawn from each of the spinner cultures for cell counting, FACS analysis and TUNEL assay.
Assessment of abundance of viable floating cells in HeLa cell monolayer culture
Approximately 10 6 HeLa cells with Hp95 or control transfection were plated in 35 mm dishes in triplicate. One day after cell seeding, the culture medium was discarded and cultures were washed twice with phosphate based saline. The cells were then fed with 5 ml fresh culture medium and cultured for 3 additional days. In the end, culture medium was collected from each dish, and the remaining adherent cells were trypsinized. The adherent and floating cells from each dish were then counted by Coulter Counter ZM (Coulter Electronics, Inc., Hialeah, FL, USA), and the mean value of the counts obtained from the triplicate dishes was calculated. The standard deviation of the measurement from the triplicate dishes was determined by Student t-test. The adherent and floating cells from each dish were also stained with Trypan blue, and the number of viable cells were determined. The percentage of viable floating cells was then calculated as the number of viable floating cells/the number of total floating cells6100%.
FACS analysis and TUNEL assay of HeLa cells
FACS analysis was performed as previously described (Wu et al., 2001) . In DNA histograms, signals to the left of the G0/G1 peak, referred to the sub-G1 peak, represented fragmented nuclei often observed with apoptotic cells. The data were analysed by using the software Multicycle (Phoenix Flow System, San Diego, CA, USA). The per cent of sub-G1 nuclei was the percentage of sub-G1 nuclei in the entire population of the nuclei. The per cent of G1, S or G2/M nuclei was the percentage of G1, S or G2/M nuclei in the population of the nuclei that excluded sub-G1 nuclei. TUNEL assay for quantitating apoptotic cells was also performed as previously described .
Assessment of tumorigenicity of HeLa cells in nude mice
Approximately 3610 5 HeLa cells with Hp95 or control transfection were injected subcutaneously into 12 flank sites of three nu/nu mice. Tumor sizes were monitored bi-weekly, and the sizes of the tumors were calculated by the formula length6width6height60.5236 according to Rockwell et al. (1972) . The mean value of the 12 measurements for each cell type was then calculated. The standard error of mean for the 12 measurements for each cell type and the P value for the difference between control and Hp95 transfected cells were determined by Student t-test.
Examination of growth and morphology of NIH3T3 cells
To measure NIH3T3 cell growth, 7 -8610 5 cells with or without Hp95 or control transfection were plated in 35-mm dishes and cultured for 6 days. At daily intervals, three dishes of each cell type were trypsinized, and the number of cells in each dish was determined by triplicate cell countings by using a hemocytometer and calculation of the average. The mean value of the measurements of the triplicate dishes was then calculated, and standard deviation determined by Student t-test.
To examine cell morphology, cells were grown on chamber slides to confluence. The slides were then rinsed in cold PBS, fixed in methanol for 10 min and in acetatic acid : methanol (1 : 10) for 10 min, air dried, and stained with 0.4% Giemsa (Sigma) in 100 mM phosphate buffer (pH 6.8) for 5 min. After the slides were rinsed with tap water and air dried, they were photographed with an LS30 camera attached to a Leica DMLB microscope.
